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Abstract 

The nonmesonic weak decay of A hypernuclei is studied using nuclear matter. We have developed 
a formalism which gives a microscopic interpretation of the process of emission of particles origi- 
nated in this decay. More specifically, our scheme provides a unified treatment of T{KN — ► NN) 
and Nn (Nnn), the A non-mesonic weak decay widths and the number of emitted particles (pair 
of particles) of kind N (NN), respectively. We have also evaluated for the first time the quantum 
interference terms between the n- and p- induced weak decay amplitudes. Explicit expressions for 
Nn and AVtv are shown within the ring approximation. Using the local density approximation 
together with the ring approximation, we report results for the decay of the j^C hypernucleus. We 
have obtained values for the ratio N n /N p (N nn /N np ) in the range 1.4 — 1.6 (0.2 — 0.3), where no 
energy threshold have been employed. The n- and p-induced interference terms modify in less than 
~ 3 % these results. 



PACS number: 21.80.+a, 25.80.Pw. 
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I. INTRODUCTION 



The physics of hypernuclei has started in 1952 by the observation of the first hypernucleus 
through its decays l|. Since then, the subject has grown and in the present contribution 
we are concern with a particular topic of the hypernuclei physics: the weak decay of A- 
hypernuclei. For review articles one can see 0,0]. Many theoretical and experimental "\ 
[ill ll^ . efforts have been developed to understand the physics beyond 
this decay. The two main decay mechanisms are: the Mesonic decay (M), where the decay 
reaction is A — > ttN, that is, the A inside the hypernucleus decays into a pion and a 
nucleon. The second is named Non- Mesonic decay (NM). There are several reactions which 
contribute to the iVM-decay and the simplest one is AA" — > NN. Any of both reactions 
can occur when a hypernucleus decays. However, the kinematical conditions of the emitted 
nucleons are very different between the mesonic and the non-mesonic decays. While in the 
mesonic decay, the momentum carried by the nucleon is of the order of 100 MeV/c, in the 
NM case, this value is 400 MeV/c (assuming that the two emitted nucleons have the same 
momentum). This has a strong effect on the values of the corresponding decay widths: 
the mesonic one (Tm), is inhibited by the Pauli blocking. In this work, we focus on the 
non-mesonic decay width (T^m) of A-hypernuclei. 

For the A^M-decay the transition rates can be stimulated either by protons, T p = T(Ap — > 
np), or by neutrons, T n = T(An — > nn). The total A^M-decay rate is then T^m — Tn + V p . 
The theory fairly accounts for the experimental values of the total transition rate. There are 
two quantities which remain not fully understood yet. The first one is the ratio T n / p = T n /T p , 
which is discussed soon. The other one is the asymmetry of the protons emitted in the NM- 
decay of polarized hypernuclei. In this case, the data indicates a value closer to zero, while 
the theory predicts a large negative number. In the present work, however, we will not deal 
with the asymmetry. 

The ratio T n / P is evaluated using many theoretical models. The first microscopic scheme 
has been proposed by Adams , who has used the nuclear matter framework, one pion ex- 
change model (OPE), the AT = 1/2 piece of the AA% coupling and short range correlations 
(SRC). The OPE produces ratios in the interval 0.05-0.20, well below data. At variance, 
r^vM is well reproduced by OPE. From this point, a huge theoretical effort has been devoted 
to find a formalism which increases Y n and decreases T p . Let us group them as the ones 
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which care about: i) the transition potential: the OPE can be improved by considering 
heavier mesons than the pion. This AiV — > iViV-transition potential is known as one meson 
exchange model (OME) and it has been employed in several works 

ii) The inclusion of interaction terms that violates the isospin AT = 1/2 rule has been 



considered in 



3,0, 



21 



22J, |23j, |24(. Hi) the addition of two-body induced decay media- 



J, 



27 



28, 



29 



. In 



nism stemming from ground state correlation of the hypernuclei |2£ 
point ii), it should be observed that the quark degree of freedom allows for both AT = 1/2 
and AT = 3/2 transitions. All theoretical models consistently obtain values for T n / p smaller 
than 0.5 for medium and heavy hypernuclei. In the experimental side, all measurements sug- 
gest values greater than 0.5. This discrepancy is usually called the r n / p -puzzle. Recently, 
it has been suggested that the origin of this inconsistency comes from the ambiguities in 
the interpretation of data, rather than in our poor understanding of the weak decay mech- 



anisms |27l . l3ll . l32l l33j . In these works, the intranuclear cascade code (INC) has been 
developed, which is a semi-phenomenological approach where first the A-weak decay is eval- 
uated microscopically and afterwards the nucleons produced in the decay are followed in a 
semi-classical manner until they leave the nucleus. By means of this emulation of the physi- 
cal conditions of the hypernuclear decay, a more accurate agreement between the theoretical 
results and the data is achieved. 

Beyond all these theoretical and experimental labor, the effect of the nuclear structure 
on the calculation of T^m is less or even poorly discussed. Oset and Salcedo j^J have 
developed the polarization propagator method (PPM), which allows a unified treatment of 
the mesonic and the nonmesonic-decay channels. Nuclear correlations are included through 
the ring approximation, which is the direct part of the RPA. The PPM has been further 



developed in Refs. 



17 



26 



27, 



. In a similar spirit of the PPM, Alberico et al. 29] have 
employed the bosonic loop expansion (BLE) formalism, which is particularly suitable when 
more than two nucleons emerge from the disintegration process. In practice and until now, 
the strong potential has entered into the evaluation of r„ and T p , only by means of the ring 
approximation and restricted to a (n + p)-potential with the addition of the Landau-Migdal 
(/-parameter. 

In the present contribution, we address the problem of the theoretical interpretation of 
data. This is done within a fully microscopic model, which, as a first step, is restricted to 
the ring approximation. We pay special attention to the roll of the quantum interference 
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terms between the n- and p-induced weak decay amplitudes, which are evaluated in this 
work for the first time. The paper is organized as follows. In Section II, we discuss the way 
in which T n /T p is extracted from the experimental measurements. In Section III, we propose 
a model for the physical observables and N^n- In Section IV, explicit expressions for 
these observables are given within the ring approximation. Finally, in Sections V and VI, 
some results and conclusions are given. 
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II. THE EXTRACTION OF THE RATIO T n /T p FROM DATA 



Some recent works suggest a solution of the T n /T p -puzzle (see |3ll |32j, |33(). However, in 
this section we do not want to go through this explanation, but to call the attention on some 
aspects about the extraction of T n /T p from data. Therefore, let us start by presenting a 
simplified version of the way in which the so-called experimental value of T n /T p is obtained. 



This brief outline does not pretend to 
the reader to the experimental works 



)e complete. For a more rig orous analysis, we refer 



De complete, tor a more 
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12 1 and also to the above 



mentioned studies. There are two equivalent definitions for the experimental value of T n /T % 
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where A^ is the number of nucleons of kind N produced in the weak decay of the A. 
Analogously, N]fy is the number of AW pairs. Unfortunately, these primary particles can 
not be measured. Once these particles are produced, in their way out of the nucleus and 
due to collisions with other nucleons, they can change energy, direction and charge. These 
interactions with other nucleons are called Final State Interactions (FSI). Perhaps, one of the 
simplest nuclear models to deal with the FSI is the ring approximation, where the nuclear 
residual interaction is replaced by a modified interaction built up from an infinite sum of one 
particle-one hole bubbles. The first order contributions to the ring series for the A-decay 
are shown in Fig. 1, where we have also drawn a diagram for T^- As an example of the 
action of the FSI we discuss now the last diagram in Fig. 1, which is of second order in the 
nuclear residual interaction. To develop this example, let us additionally consider that the 
primary decay is An — > nn. The intermediate bubble can be either a nn -1 or a pp _1 -pair. 
We also suppose that this bubble is constituted by a pp _1 -pair and that it is on the mass 
shell. The interpretation of this contribution looks somehow confusing: the primary decay 
is An — > nn, while the final state is np. This np-pair is originated from the action of the 
strong interaction, after the A-weak decay takes place. Then, and as it is already known, 
the emitted particles depend on the FSI. The ring approximation is only one kind among a 
huge set of FSI. To express in general terms the effect of FSI, in (jy] it is written down a 
set of equations which represents the number of nucleons of the kind N (where N=n or p) , 



T N 



ring 






FIG. 1: Goldstone diagrams for Tn and the ring series. An up (down) going arrow represents a 
particle (hole), while an arrow with a double line represents the A. The dashed lines represent 
the full V^-transition potential and the intermediate wavy lines represent the strong nuclear 
potential, V NN . 



outgoing the nucleus, 

N n = n r „ + n™ p r p (2.3) 

N p = iV p 1Bn f „ + ATfPf p , (2.4) 

where T N = r7v/(r n + r p ). Here N n (N p ) is the number of neutrons (protons) emerging from 
the nucleus due to the A-weak decay, while N^ Bl (A^ m ) is the number of neutrons (protons) 
coming out of the nucleus which are originated from the Az — > ni weak decay (i = n, p). In 
a similar way, for the AW-pairs, 

N nn = N^t n + N^f p (2.5) 
N np = N^T n + N^t p (2.6) 
N pp = N^T n + N£»T P . (2.7) 

where the interpretation of the new factors is self-evident. In the last equation, the action 
of the FSI allows the emission of a pp-pa.ii. For simplicity, in this set of equations we 
have limited ourselves to nucleons originated from the one-body {IB), decay mechanism 
(i.e. AN —>■ NN). The two-body decay mechanism (ANN —>■ NNN) is important in the 
analysis of data, but it is not required for the present discussion. 

The Eqs. fl2.3H2.4|) and Eqs. (j2.5H2.7J) . are one of several proposals to interpret the ex- 
perimental results. Within this scheme, the dependence on the weak vertex is embodied in 
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T n and T p . Thus, the N N and N NT ^ -factors depend only on the strong interaction 
part of the problem and the nuclear model employed to describe the nucleus. Therefore, one 
working hypothesis of the INC calculation is that the number of emitted particles can be 
drawn as a sum of product functions: in these products, one factor (IV ) contains the entire 
dependence on the weak vertex. When the strong interaction is turned off, these factors 
reduce themselves to the number of particles (pairs of particles) of kind N (NN) in the 
primary decay. In Table I, we quote these values. 

TABLE I: Multiplicative factors. The index wd, indicates that the FSI are neglected. As in the 
one-body weak decay of the A there is no pp-palv, we have (Np Bn ) wd =(Np Bp ) wd =0. 
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If we replace now the numbers in Table I, into Eqs. (j2.HH2.ti|) . we have, 

N: d = 2f n + f p (2.8) 

iV; d = f p , (2.9) 

and 

n:* = r„ (2.io) 

K = f p (2.11) 



which lead to the Eqs. ()2.1|) and ()2.2|) . When FSI are present, we obtain from Eqs. ()2.3II2.6|) . 

/V 1b p - /V 1Bp — 

r n p n 

r = — n — ( 2 - 12 ) 

1 p ylBn 1 v n _ yvrlBn 

p N p 



and 

/V 1b p - N 1Bp Nnn 

J- n i- inp 

Tp jylBn N n n _ yylBn 
np jit nn 
+ 'np 



(2.13) 
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Basically, within the INC calculation the so-called experimental value for T n /T p comes 
from one of these expressions. The Eq. (|2.12j) is more frequently used than the Eq. (j2.13|) . 
However, in (see also [ii^l), it is claimed that the last expression is more convenient, 
because it reduces the quantum mechanical interferences between n and p-stimulated weak 
decays. From the experimental point of view, the quantities which can be measured are N n , 
N p , N nn , N np and N pp . Therefore, within the INC calculation the ratio T n /T p is obtained 
indirectly. 

In recent years, there have been many improvements in the experimental side: new and 
more accurate measurements, independent counts of neutron and protons are performed, 
etc. The theoretical works have extensively analyzed the weak decay, as stated in the 
Introduction. Within the INC calculation point of view, the link between the quoted theory 
and the data, are the N N Bn{p) (or A^ (p) )-factors. The INC calculation is one of several 
proposals in the analysis of the experimental points. These other models are found in the 
experimental works themselves. The simplest approach is the direct use of Eq. (12. lj) or 
()2.2j) . a model which certainly oversimplified the issue. Among the different models, the 
INC calculation is perhaps the more elaborated one and its result suggests a solution for 
the r n /r p -puzzle. For there is some discrepancy left, but the use of the INC calculation 
makes the difference smaller than with the employment of other schemes. Moreover, within 
the INC calculation this difference lays within the uncertainty of the experiment. 

Despite assuming that the results from the INC calculation are appropriate enough, nev- 
ertheless, a fair question from the theoretical point of view would be, what the microscopic 
interpretation of the Nn and/or N^N-i actors is. In addition, the results from the INC cal- 
culation are reliable as far as the quantum interference terms between the n- and p-induced 
weak decay widths are small. From now on, we will propose an answer for these points, 
which are the main subjects of the present contribution. A microscopic model for Nn and 
Nnn is given in the next Section. Additionally, in the same Section we attempt to interpret 
the factors iV^ Bn ^ and N^^ , from the INC calculation. In Section IV, explicit expressions 
for all these factors are given using the ring approximation. 
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III. GENERAL EXPRESSIONS FOR THE N N AND N NN FACTORS 



The starting point to build up microscopic expressions for Nn and Nnn are the Eqs. ()2.81 
12. lip . These are the values for Nn and Nnn when no FSI are present. Therefore we add 
to these equations the action of the FSI. To this end, we introduce the quantity Fi^^j. 
In this function, the indices i, i' refer to the two primary weak decay interactions of each 
diagram and can have the values i (i') = n, p\ where by i (i') we mean A i {%') — > ni {%'). The 
remaining index, j, is the final state (i.e. the emitted nucleons), taking the values: j— n, 
nn, np, nnn, nnp, ... For instance, in the example mentioned in the last section, we have 
i = i' = n and j = np. The first obvious constraint over j is the finite number of nucleons 
in any hypernuclei. Also the charge is conserved and as a result there is always at least one 
neutron in the final state. 

The values for result from evaluating any possible Goldstone diagram for the A- 

weak decay, where the strong interaction is present. We should be aware that T i;i >^j does not 
represent only a decay width, but also some interference terms. To understand the origin of 
these interference terms, the following example can be instructive: we start with the quantity 
T n , which represents the decay width for the transition amplitude A\ : An — > nn (for 
convenience, we have numerated the transition amplitude). In fact, we evaluate the square 
of this transition amplitude to obtain the final value r n . Once the FSI are incorporated, 
new transition amplitudes should be included: let us consider the transition amplitude 
A 2 : Ap — > np — > nn [39], where the strong interaction is responsible for the second reaction. 
This transition amplitude is added to the first one and then the whole expression is squared. 
From this simple model, four terms come out: the squares of A\ and A 2 and the two 
interference terms between A\ and A 2 . The interference terms are non-zero because the 
initial and the final states are the same. The first two, can be interpreted as decay widths, 
but not the interference terms which can be either positive or negative. Besides this simple 
example, by means of T^i^j we represent all terms but the squares of An — > nn and Ap —>■ np. 
A second important observation about the interference terms in Ti^^j, is that a particular 
case of these terms are the ones between the n- and p-induced weak decays. The interference 
terms between A% and A 2 are an example of such contribution. One of the simplest diagrams 

[39] A more complete expression would be, A2 : Ap (rib) ~ * n P ( n b) — > nn (pb) where the sub-index b, indicates 
bound particles acting as spectators. In this way, the charge conservation is more clearly seen. 
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for these interference terms, is the first ring diagram in Fig. 1, taking one bubble as a pp^ 1 - 
pair and the other one as a rm _1 -pair. Note also that in this diagram the nuclear strong 
interaction appears in first order and the sign of the contribution depends on the sign of 
this interaction. The interference terms in T^i^j are pure quantum mechanical effects and 
the ones with i ^ i' , are not contained in the semi-phenomenological INC calculation. 
Now, we write down expressions for Nn, 

N n = 2T n + T p + ^»r M ^-, (3.1) 

i, i'=n,p;j 

N P = T P + £ NsmTw-j, (3.2) 

i, i'=n, p;j 

and for iVjvjVj 

N nn = T n + Nj ( nn ) (3.3) 
i, i'=n,p; j 

N np = f p + ^ Nj(np)^i,i'-^j, (3.4) 
i, i'=n, p; j 

Npp — E Nj( pp ) Tiy^j, (3.5) 

i, i'=n, p; j 

where the normalization is the same as in Eq. ()2.3j) (i. e. Fiy^j = T iti i^j/ (T n + T p )). The 
factors Nj/m are the numbers of nucleons of the type N in the state j. In the same way, 
Nj(NN) are the numbers of pairs of nucleons of the type NN in the state j. For instance, if 
j = nn, N nn{n) = 2, and N nn{p) = 0. 

Expressions for iV^ m and Nj^ are obtained by comparison between Eqs. (|2 .3112.7)1 and 
Eqs. fl3.lH3.5j) . To this end, the r^'-^-terms with i ^ i' must be neglected. We have then, 

N N Bi = (Nrr d + J2N j[N) (3.6) 
N$ = (N^r + E Nj (nn) (3.7) 

where in order to reduce the expressions we have used the factors in Table I. As mentioned 
above, within the INC calculation these factors are independent of the weak vertex. Our 
expressions fulfilled this requirement only when the transition potential is reduced to one 
term: in this case, the weak vertex constant is simplified in the ratio Ti^j/Ti. When the 
full transition potential is present, then Ti^j/Ti has some dependence on the weak vertex. 
This point is further analyzed in Section V. 
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Before we end this section, we would like to make a brief comment on the calculations 
performed in finite hypernuclei. In this case, the weak decay matrix element, required for 
r ni is evaluated using finite nucleus wave-functions (WF). These WF can be the harmonic 
oscillator WF, but also some more elaborate WF: the ones from a BCS-, Tamm-Dancoff-, 
RPA-calculations or any other model. In any case, these WF represent bound states. After 
the weak decay takes place, the unbound emitted particles are modelled by nuclear-matter 
distorted plane-waves. Nuclear correlations between the emitted particles are the FSI, which 
do not affect the r n> (p)-result. The FSI should not be confused with nuclear correlations 
employed in the evaluation of the finite nucleus WF. For instance, the finite nucleus WF can 
be the RPA-ones and afterwards, the FSI can be implemented using the RPA. In this case, 
there is no double-counting: first, the RPA is performed within bound particles and then, 
the nuclear correlations are taken into account between the particles in the continuum. 
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IV. THE RING APPROXIMATION 



In this section we present expressions for the quantities Tiy^j, within the ring approxi- 
mation. This is done in non-relativistic nuclear matter. Before we show these expressions, it 
is convenient to outline the derivation of T n and T p . Even though these contributions have 



been already discussed in 35], we repeat now the main points of that derivation, because 
this simplifies our presentation. To be consistent with the ring approximation, we neglect 

,( p ). In r n (p) 



the Pauli exchange term also in r n („). In r n („) only the transition potential V AN is present, 



while in the ring approximation, also the strong interaction V NN , is required. Both V AN 
and V NN are parameterized as follows, 

v m»N) {q)= E o TA(N X A Z N) ^ 

TA(JV)=0,1 

where q is the energy-momentum carried by the potential. The isospin dependence is given 
by, 

{1, for tain) = 
Ti ■ r 2 , for r A{N) = 1 

The values r = 0, 1 stand for the isoscalar and isovector parts of the interaction, respectively. 
The spin and momentum dependence of the transition potential is, 

V*f(q) = (G F ml) {S TA (q) (J\ • q + S' TA (q) <r 2 • q + P L ,rM°l ■ q cr 2 ■ q + P^M + 

+ P T,r A (q)((Ti x q) ■ (<r 2 x q) + iS ViTA {q)((T l x <r 2 ) ■ q}, (4.3) 

where the quantities S TA (q), S' TA (q), P LjTA (q), P c , TA (q), Pt -t, ( q) and Sv,t a (q) contain short 
range correlations (SRC) and are given in Appendix B of [35j. They are built up from the 
full one-meson-exchange model, which involves the complete pseudoscalar and vector meson 
octets (ti, t], K, p, u, K*). The S (P)-terms are the parity violating (parity conserving) terms 
of the transition potential. 

The spin and momentum dependence of the nuclear residual interaction is drawn as, 

K N (l) = (4) OW?) + V W (g)<ri q<T 2 q + V T ,rM(<7i x I) ■ ("2 x $)}, (4.4) 

where the functions Vc,t n {q), VL jTJV (g) and VT, TN (q) are adjusted to reproduce any effective 
OME-nuclear residual interaction. In addition, following the same procedure as for V AN (q) 



(see [35]), SRC can be incorporated into V^(q). 
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We go back to the evaluation of the T's (both T n ( p ) and Ti^^j). It is more suitable 
to work with a partial decay width T(k, k Fn , kF p ), instead of T, where, k is the A energy- 
momentum, kp n and k Fp are the Fermi momentum for neutrons and protons, respectively 
To evaluate T(k) for a particular nucleus one uses either an effective Fermi momentum or the 

n 

Local Density Approximation (LDA) 34]. In this work the LDA is employed. In this case, 
k Fn and k Fp become position-dependent and are defined as k F ,Sr) = hc(3w 2 p n ( p )(r)/2) 1 / 3 , 
where p n (r) = p(r)N/(N + Z) and p p {r) = p(r)Z/(N + Z), with p(r), N and Z being, 
respectively, the density profile, number of neutrons and number of protons of the nuclear 
core of the hypernucleus. In the last case, it is equivalent to write the function T(k, k Fn , kp p ) 
in terms of the densities as Y{k, p n {r), p p {r)). The LDA reads, 

T(k) = J drT(k,p n {r),p p {r)) |^ A (r)| 2 (4.5) 

where for the A wave function ip\(r), we take the lsi/2 wave function of a harmonic oscillator. 
This decay width can be seen as the fc-component of the A decay width. The total decay 
width is obtained by averaging over the A momentum distribution, \ip\(k)\ 2 , as follows, 

r = J dkT(k) |^ A (fc)| 2 (4.6) 

where ^}\(k) is the Fourier transform of ip\(r) and ko = E^(k) + V\, being Va the binding 
energy for the A. 



A. The evaluation of T n and T p 

We give now expressions for the partial decay widths r n ( p )(fc, kp n , k Fp ). We should evalu- 
ate the first diagram in Fig. 2 and 3, named as Tj. For convenience, in these figures we also 
present the ring contributions to Ti^^j. We assign the names pi, pi and hi to the particle 
between the A's and the particle and hole in the bubble, respectively. In order to perform 
the summation over spin and isospin quantum numbers, it is more adequate to rewrite the 



transition rates in the form 



3, 



T thi (k,k Fn ,k Fp )= r t hl ;TT> T TTl (k,k Fn ,k Fp ) (4.7) 

t,t' =0,1 

where we distinguish between the proton {t hi = 1/2) and the neutron induced {t hi = —1/2) 
decay rates. We have introduced the function, 

1~t hi ;TT> = X! (t^\0 T \t p lt p ithi){t p lt p ithi\0 T '\tA), (4.8) 

tpl itpi 
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FIG. 2: Goldstone diagrams for Tj and 1^ respectively. In both diagrams, the vertex in the 
A-decay is connected to a neutron. In the second diagram, the double-wavy line is the dressed 
potential V NN , which is described soon, in Eq. Q4.13JI . 
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FIG. 3: The same as in Fig. 2, but with a proton in the A-decay vertex. 



to account for the isospin matrix elements. The partial decay width as a function of the 
isospin of the transition potential, is, 

V TT ,(k,k Fn , k Fp ) = {G F ml) 2 -^ J d Pi e(q )6(\ Pl \ - k Fpl ) S TT ,(q) (4/m(n°t pi t M (g))) 1 

(4.9) 

where, 

S T Aq) = 4 {S T (q)SAq) + S' T (q)S' T ,(q) + Pl,M)PlA<i) + Pc,MPc,A<l) + 

+2P TtT (q)P T y(q) + 2S v MS vy (q)} (4.10) 
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FIG. 4: Diagrammatic representation of the Dyson equation. A wavy line represents the nuclear 
interaction, V NN , while a double- wavy line is the dressed interaction V NN . 



and 

nv*M = ^ /*, Hlp ;l - * F f [k ; k ;. ; 't" , (^d 

(2tt) 3 7 g - {E N {Pi) ~ E N (h t )) + irj 
is the polarization propagator. Here is the nucleon total free energy. The (k, kp n , fc.Fp)- 
dependence of the partial widths F TT /(k, kp n , kp v ) is eliminated by means of the Eqs. ()4.fi|) 
and ()4.oj) . By performing now the isospin summation, the final result from Eq. ()4.7j) is, 

r n = Tn + Too + Toi + Tio 

T p = 5fn+foo-(f i + fio), (4.12) 

where the presence of terms T TT i with r ^ r' is a consequence of the restriction in the isospin 
sum. For the non-mesonic decay width, T^m = T n + T p , these terms cancel out. 



B. The evaluation of r^/-^- 

In the ring approximation, diagrams with one particle-one hole bubbles are summed up 
to infinite order. The lowest order contribution to the ring series is of first order in the 
strong interaction, V NN and it is shown as the first ring diagram in Fig. 1. To obtain all 
the other contributions, the basic idea is to replace V^^, by a dressed interaction, V^^, 
obtained as a result of the sum of the ring series. This process is sketched in Fig. 4, which 
is a representation of the Dyson equation, 

Vc,{L,T);t n = Vc,{L,T);t n + V C ,(L,T);t n C a<t H% >h i (f^/ m l)^C,(L,Ty,r N (4.13) 

where the constant C a> t comes from the sum over spin-isospin and it is specified soon. We 
have shorten the notation for the polarization propagator. The way in which the nuclear 
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interaction is displayed in Eqs. ()4.1|) and (|4.4|) . has the advantage that there is no-interference 
between the central (C), spin-longitudinal (L) and spin-transverse (T) terms, neither nor 
between the isoscalar (r = 0) and isovector (r = 1) ones. The solution for the Dyson 
equation is, 

y ( L ' T )' T N (A -ia\ 

rC,(L,T);r N (f2l rrn 2\,) , n T[0 ' V** 1 ^ 

1 - [Jn/ m n> V C,{L,T);T N ^s,ti-i- pi>hi 



The interaction V , is then, 

V NN (q)= J2 °r N V? N N {q), (4.15) 

T N =0,1 

where O tn is defined in Eq. f!4.2|) and 

Wfiv) = {Vc,rM + VL,rM<ri q<72 <i + V T ,rM^l X <?) " (*2 X «?)}. (4.16) 

The replacement of this interaction into the evaluation of a decay width is not straight- 
forward, because of the restrictions in the isospin summation. The isospin, is a crucial 
ingredient in the construction of V^i^j. Within the ring approximation, there are only two 
possible final states: nn or np. Therefore, we should give expressions for eight quantities: 
F n ,n^nn, Tn.p^nn, T Pt n^ nn , Y PyP ^ nn and the remaining four expressions are obtained by re- 
placing the final state nn by np in the former four ones. In Figs. 5 and 6, we show some of 
the lower order ring-diagrams which contribute to T iti /^ nn and T iti '^ np , respectively. 

To obtain general expressions for r^-^-, it is more convenient to work with Figs. 2 and 3, 
where we show four diagrams: the particle in the A-decay vertex is a neutron in the first 
figure and a proton in the second case. The particle-hole pairs and in Fig. 2, can 
take the values nn~ x or pp~ x . However, the isospin conservation allows only np~ 1 -pairs in 
the same position in Fig. 3. The same considerations hold for the particle- hole pairs in V NN . 
Consequently, by choosing adequately the particle-hole pairs and the cut in the diagrams in 
Fig. 2, we have that the first one, contributes to T n and T p , while the second one does the 
same to the eight r^/-^ -functions. At variance, the diagrams in Fig. 3 only play a role in 
T p and in Y p , p ^ np) for the first and second diagrams, respectively. 

Using as a guide the diagrams drawn in the second places in Figs. 2 and 3, we build 
up expressions for Fi^^j. We follow similar steps as in the derivation of T N . In this 
case, however, we begin with a general expression, using the standard Goldstone-rules for 
diagrams, 



r t hi ,t hi ,^(k,k Fn ,k Fp ) = -21m J J J d -^ i ^J2 G part(Pi)G part (p 



(2tt) 4 J (2vr) 4 J (2tt) 
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FIG. 5: Goldstone diagrams for Ti t i>^ nn . In this set of diagrams we present some representative 
examples of this quantity. Here, a dotted line represents the state on the mass shell. A diagram 
with two or more dotted lines stands for the sum of diagrams with one each. The explicit inclusion 
of T p>n -t nn is omitted, as it is analogous to F njP -> nn . 



Gpart {Pi 1 )Ghole{hi) Ghole ( K' ) 

^(lA\(V AN (q)y\%apinhi'}(lpilpi'lhi'\V NN (q)\-f P a P a h i} 
x(lpa pi lM\V AN (q)\lA). (4.17) 

For simplicity, 7; represents the spin (s), isospin (t) and energy- momentum of the particle 
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/. Although the meaning of the subindices pi and hi (pi' and hi'), refers to the particle- hole 
pair ii~ l (i'i'~ l ) in Fig. 2, this expression is also valid for the second diagram in Fig. 3. 
Using the same notation as in Eq. (J4.9j) . p\ represents the particle between both A's. From 
the energy- momentum conservation, we have, q — k — pi, Pi — q + hi and pe = q + h^. The 
summation runs over all spins, while the isospin sum can not be specified until one sets the 
final state j. The particle and the hole propagators are, respectively, 

<Wri = — 

Po - E N (p) - V N + is 
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and 

G ~w = fr-ffw^U - (419) 

where Vjv is the nucleoli binding energy. We re-write Eq. ()4.17|) in terms of partial decay 
widths as follows, 

r i>i ,^ j (k,k Fn ,k Fp )= T thi,t hi r,T A ,T N ,T' A T^ yA (k,k Fn ,k Fp ) (4.20) 

TA,TjV, 7-^=0,1 

where 

1~t hi ,t hi ,;T A ,T N ,T' A = Y^(tA\OT A \tpltpidhi / )(tpltpidhi'\0 TN \t p it pi thi)(tplt p itf li \0 TA \t\). (4.21) 

Now the summation runs only over isospin, with the same consideration as in Eq. (|4.17|) . 
When performing the energy integrations in Eq. (j4.17|) . one keeps only two-particles on the 
mass shell (more details are given soon). The partial decay widths as function of the isospin 
of the transition potential, are defined as, 

%"3 ,B (*> k Fn , k Fp ) = (G F mlfS) JL f d Pl B(q )9(\ Pl \ - k Fn ) S^{q) (4.22) 

for the second diagram in Fig. 2, where the super- index n refers to the particle in the A- 
vertex (which is explicitly indicated in the step function). For the second diagram in Fig. 3, 
we have, 

F;£2 P (*> k Fn , k Fp ) = (G F mir(fl) J— [ d Pi e(q o )0(\ Pl \ - k Fp ) S^y(q), (4.23) 

where the meaning of the super-index p is self-evident. We define the <S-functions as (for 
details, see the Appendix), 

+2 (S V , T S V , T , + P TtT P T , Tl )W^ n {q)} (4.24) 

and 

S%:r{q) = -{(S' T S>> + Pc,rP C ,r')U^ P {q) + (S T S T , + P L ,rPL,T>)U%Z j ' P (<l) + 

+2 (S VtT S V y + P TtT P Ty )U^r N j ' p (q)}, (4.25) 

To construct the functions & % c (LT)-T N (q) anc ^ &c '(lt)- r N (q)i we ^ TS ^ interpret the particle- 
hole bubbles and the residual interaction, V NN (which contains a sum of particle-hole bub- 
bles), in terms of configurations and the possible final states that they can generate. The 

19 



particle- hole bubble is represented by the polarization propagator, U°t p th(q), which has a 
real and an imaginary part. The physical state in any diagram, is determined by the position 
where the cut of the diagram is done. In practical terms and within the present problem, 
the imaginary part of the polarization propagator produce the final state, while the real 
part is related with configurations off the mass shell. By performing the sum over isospin, 
the polarization propagator is replaced by the sum (n° n + H p ) for the r^/ -^-diagrams in 
Fig. 2, and by n° p for the ones in Fig. 3. Note that this is done not only for the bubbles 
explicitly drawn in these figures, but also for the ones inside V NN . 

Having in mind these considerations, explicit expressions for the interaction in Eq. 1)4.14)1 
are obtained as follows. When j = nn the diagrams in Fig. 3 have no contribution, while 
in Fig. 2, the polarization propagator is replaced by, (i£ell° n + Rell pp + ilmll^): we have 
only retained the imaginary part from the rm -1 -bubble. This neutron, together with the 
one produced in the A-decay vertex, give rise to the final nn-state. The pp -1 -bubble has 
a contribution off the mass shell and therefore we keep only the real part of it. In an 
analogously way, if j = np, the polarization propagator is (ReU^ n + Rell pp + ilmll pp ). The 
diagrams in Fig. 3 contribute only to j = np and in this case the polarization propagator is 
replaced by, {ReU° np + i JmII° p ) . From Eq. (j4.14)) we have, then, 

V _ Vc,(L,T);t n 

Ynn,C,(L,T);T N 



1 - 2 {pjml) V C , {L ,T);r N (ReKn + + ^™Kn) 
y = Vc, (L, T); Tjy , 

np ' °' (L ' n TN 1-4 {PJmD V C , (l, t); TN (ifel^ + HmWJ ' 

Vc, (L,T);r N 

2 {PJmD V c , {L ,Ty,r N (ReKn + ReH% + UmW pp ) ' 



■o Cjj T);t n / . 

y pp ,c,(L,T);r N ■ j _ ^ . ^ 2 , 2 ) (R e W + R e W + UmUL ) ' 1 ' 1 



The next step is to study the configurations in the weak vertices. In this case, we should 
look at the particle- hole bubbles explicitly drawn in the r.h.s of Fig. 2 and 3. For r n n ^ nn , 
these bubbles are replaced by n° n . For T PtP ^ nn , the replacement is limited to Rell pp : as 
j = nn, all protons should be off the mass shell. Finally, for T nyP _> nn (or r p>jwnri ), one bubble 
is replaced by II° n and the other one by Rell pp . Using the same procedure for j = np, we 
have, 

^C^(L n T)^M) = ( Re Kn}) 2 Im {Vnn,C,(L,T)-,T N } + 

+ 2 Re{U° nn } Im{Il nn } Re{V nn , c, (l, T y,r N } 
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UZTlK^M = MKn}Irn{V pp , c , {LtT) , TN U° pp } 

^FXCnrM) = (^{n; p }) 2 /m{v nn , Ci(L , T);TJV } 

"KtJ?) = (Re{K P }) 2lm i% P ,c,(L,Ty,T N } + 

+ 2Re{U°J Im{U°J Re{V PPtC , {L ,Ty,r N } 

u^yrM = (^{n° p }) 2 /m{K PiC , (L , T);TJV } + 

+ 2Re{Ul}Im{U° np }Re{V np , c , { L,Ty,r N } (4.27) 
Finally, the summation over isospin leads to, 

n,n^nn ~ 1 111 + 1 000 + 1 110 + 1 101 + 1 Oil + 1 100 + 
+ 1 010 ' 1 001 

p _ fi',J'^™« I T^n,p^nnn , pii,jnntiii pn,jnnnn fin^nnn pn,p-^nnn 

1 n,p^nn — 1 111 + 1 000 + 1 110 1 101 1 011 ~ 1 100 

pn,p— mnra . ^n,p^nnn 
~ 1 010 + 1 001 



1 p,n-mn — 1 111 + 1 000 — 1 110 — 1 101 + 1 011 + 1 100 



010 ~ 1 001 



p _ pp,!)-niiiti | pp.fHiinn pp,p->tmn , pp,|mmn -pp,p^nnn -pp,p^nnn . 

1 p,p^nn — J- HI tl 000 — 1 110 ' 1 101 _ 1 011 ~ 1 100 + 

+ 1 010 — 1 001 

T-i _ pn,n-»npn . pn,n->npn . pn,n->npn . pn,ii">npn . y\n,n—*npn . j\n,n-^npri . 

1 ji,n->np — 1 111 ~T 1 000 + 1 110 1 101 + 1 011 1 100 + 



,-pn,n^npn . -pn,n^npn 

mn + 1 n 



010 "r 1 001 

t-i -pn,p^npn , y\n,p^npn . -pn,p^npn -pn,p^npn -pn,p^npn pn,p— >npn 

1 n,p-*np — 1 111 ~r 1 000 1 110 1 101 1 011 — 1 100 

1 010 + 1 001 

np, n 



p _ -pP,n^-np,n . -pp,n^np,n -pp,n^-np,n -pp,n^-np,n . -pp,n^np,n . -pp,n- 

1 p,?wnp — 1 HI ' 000 — 1 110 1 101 + 1 011 1 100 

r~p,n^np,n pp,n— >rzp, n 
010 ~~ 1 001 

r — /I fP^ n P'' ) X f P^ n!) ' n X f p 'P^"P' n pW^np.n I pP^P," pP,P^«P,« 

1 p,p^np — ^ 1 111 ~r 1 in "t-i 000 1 110 ~r 1 10 i 1 oil 

f,p,p^np,n , f>p,p^np,n f>p,p^np,n q\ 
~ L 100 + 1 010 - 1 001 l 4 -^°J 

The terms with 'mixed' isospin: we mean all terms but r" 1 p ? '' n ( p ) anc l r o ~ + ' 7 ' n ^, are not 
null because of the summation over the isospin is truncated. If we sum up all terms with 
the same final state, these mixed terms cancel out. 
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C. Expressions for JVjv and N^n 
From Eqs. f)3. 1H3.5|) . we finally have, 

■N n 2 r n -|- Tp 4~ 2 (r n,n—*nn ^p.p— >nn I" n,p^nn Tp.n^nn) 

n,n—*np ~\~ I" p,p^np I" n,p^np Tp.n^np 

AT = f 4- f 4-f 4-f 4-f 

1 v p 1 p ~ - 1 - n,n—>np 1 p,p^np ~ n,p—>np ~ p,n—>np 

N = f 4- F 4-f 4-f 4-f 

Jv nn - 1 - n ~ - 1 - n,n—tnn ~ p,p—>nn ~ n,p—nnn ~ - 1 - p,n-mn 

N n p Tp 4- IT n ,n^>np ^p,p—*np ^- n,p—>np Tp/ra— >np; (4.29) 

where we have employed again the normalization of Eq. (J2.3)) . For completeness, from 
Eqs. (jnSEID, 

9 F 4-F 

ArlBn r> I n,n->nn ~ - 1 - n,n— >np 

n ' p 

J- n 

p 

JV P p 

/yiBp _ i , ^ r P)P ^ nn 4- Tp tP -> np 

1 P 

p 

N 1Bp = 1 -I- P,V^np 
ly P V 

1 p 

p 

nn ~r 



p 

jylBn _ 1 n,n^np 
np 

AT 1B P 



r 

1 p,p—>nn 



Tp 

N™» = 1 + (4.30) 
f p 



In the next section we give numerical results for these expressions. 
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V. RESULTS AND DISCUSSION 



In this section we present the numerical results for the ratios N n /N p and N nn /N np , within 
the ring approximation. We use nuclear matter in addition to the LDA which allows us to 
discuss the \ 2 C hypernucleus. As already mentioned, the transition potential is represented 
by the exchanges of the tt, rj, K, p, to and A^*-mesons. We have employed several nuclear 
residual interactions based on the OME. In particular, we have used the Bonn potential 



in the framework of the parametrization presented in |37[, which contains the exchange of 
7r, p, a and u mesons, while the rj and 5-mesons are neglected. In implementing the LDA, 
the hyperon is assumed to be in the lsi/2 orbit of a harmonic oscillator well with frequency 
hut = 10.8 MeV. As already stated, we have employed different values for the proton and 
neutron Fermi momenta, kp n and kp p , respectively. 

Before we present our results, we summarize four models for the V^^-strong potential: 

• model 1: the Bonn potential j3] without SRC, 



• model 2: the Bonn potential [36] with SRC, 

• model 3: a (it + p)-meson exchange potential with SRC. 

• model 4: a (tc + p)-meson exchange potential without SRC, plus the g'-Landau-Migdal 
parameter. In particular, we have employed, g' = 0.5 (in pionic units). 

In Table II we show values for N n /N p and N nn /N np . Our results underestimate the 
more recent data: N n /N p = 2.00 ± 0.09 ± 0.14 Q and N nn /N np = 0.53 ± 0.13 [11]. These 
experimental points have an energy threshold of T$ = 60 MeV and 30 MeV, respectively. 
However, a comparison with data is rather premature for reasons which are discussed soon. 
From this table, we notice that the inclusion of FSI improves the result. The SRC are 
important also for V NN and as usually stated, this effect is well reproduced by the g'- 
Landau Migdal parameter. In this table, the results for T n /T p contain no Pauli-exchange 
terms, in order to be consistent with the ring approximation. The inclusion of exchange 



terms increases r n /r p from 0.274 to 0.285 35]. 

In Table III we analyze the importance of the quantum-mechanical interference terms 
terms between the An — > nn and Ap — > np decay channels. The interference terms are more 
relevant for the model 1-interaction. The importance of the interference terms when SRC 
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TABLE II: Results for the ratios N n /N p and N nn /N np for j^C. In the first column we show the 
model for the nuclear interaction (see the text). In the second and third columns we quote the 
values for the Fermi momentum at r = (in units of MeV/c) for neutrons and protons, respectively. 
In the columns (N n /N p )° and (N nn /N np )° we show the results without FSI. We have also included 
the values for T n /F p . 



yNN 


k Fn (r = 0) 


kF p (r = 0) 




(N n /N p )° 


N n /N p 


(N nn /N np )° 


N nn /N np 


model 1 


269.9 


269.9 


0.274 


1.548 


1.607 


0.274 


0.304 


model 1 


261.5 


277.8 


0.229 


1.458 


1.514 


0.229 


0.257 


model 2 


idem 


idem 


idem 


idem 


1.464 


idem 


0.232 


model 3 


idem 


idem 


idem 


idem 


1.462 


idem 


0.231 


model 4 


idem 


idem 


idem 


idem 


1.463 


idem 


0.231 



are present, is reduced to approximately 1% for N n /N p and 2 — 3 % for N nn /N np . When 
the SRC are eliminated, these percentages increase up to 4 % and 12 %, respectively. The 
SRC produce a quasi-cancellation of the interference terms. The trend, however, is that 
interference terms are more significant for N nn /N np . 

TABLE III: Results for the ratios N n /N p and N nn /N np , with and without the interference terms 
between the An — > nn and Ap — > np amplitudes; where the last ones are denoted with the 'diag' 
sub-index. The Fermi momentums at r = 0, are kp n = 261.5 and kp = 277.8 MeV/c. 



yNN 


N n /N p 


(N n /N p ) diag 


N nn /N np 


{N nn 1 Nnp) diag 


model 1 


1.514 


1.459 


0.257 


0.229 


model 2 


1.464 


1.452 


0.232 


0.226 


model 3 


1.462 


1.453 


0.231 


0.226 



In Table IV, we report values for the A r ^ r B ^ V7V - ) -factors from Eqs. (|4.3U|) . This is done 
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for two V A7V -models: the one with only one pion exchange (OPE) and the complete OME. 
Through this table, we analyze the degree of dependence of these factors on the weak 
vertex. Before this analysis, we should note that the values for N p Bn and N p Bp are identical 
to those for N^ Bn and N^ p p , respectively. This is a consequence and a limitation of the ring 
approximation, where the corresponding expressions are the same (see Eqs. (|4.3Uj) ). The 
value for T n /T p changes from 0.167 (for OPE) to 0.229 (for OME), that is, a variation of 
37%, while the same percentage is smaller for the more relevant Nj^^ NN ^ -factors. However, 
it is clear that within our model, these factors depend on the weak vertex. To get a more 
clear understanding of the effect of this dependence, in Table V, we have employed the 
experimental values for N n /N p and N nn /N np together with the results in Table IV to get 
T n /T p from the Eqs. (|2.12|) and (|2.13j) . We can see that the dependence on the weak vertex is 
negligible. In order to avoid confusion, let us summarize the main ideas. The INC calculation 
works in two sides: the theoretical one, in which the r n /r p -result depends on the weak 
vertex. And in second place, the search of a model independent value for T n /T p , which is 
called the experimental result for this ratio. This value is built up from the experimental 
value for N n /N p or N nn /N np and the results for the N^f NN y factors, which should be as 
model independent as possible. Our analytical expressions for the ^v B (Vao -factors contradict 
the hypothesis of the independence of these factors on the weak vertex, but our numerical 
results confirm the possibility of a weak-vertex independent determination of the ratio T n /T p , 
in agreement with the INC calculation. Also from Table V, we can see that the values 
(T n /T p ) Eq \<2 \<2l and (T n /T p ) Eq \% are consistent within each other. 

There are experimental information not only for the ratios N n /N p and N nn /N np but also 
for the N n and N p -spectra. In this contribution, we have preferred not to present results for 
the spectra yet. This is because, in developing a microscopic scheme to interpret the data, 
we have presented and discussed a formalism, where the numerical results are given within 
the ring approximation. This implementation should be seen as a first step towards more 
accurate results, which should care about: 

• the inclusion of the Pauli-exchange terms, 

• the addition of the two body-induced weak decays, 

• the FSI, which should not be restricted to the ring approximation and 
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TABLE IV: Results of the N^f NN \ -factors within the ring approximation. For the nuclear strong 
interaction we have taken the model 1 one, where we have employed kp n = 261.5 and fcj? = 
277.8 MeV/c (at r = 0). In the line named as 'OPE' the V AAr -transition potential is limited to 
a one pion-exchange. As already stated, the OME contains the complete pseudoscalar and vector 
meson octets (ir,r],K,p,u,K*). 



yAN 


N lBn 


N lBn 
P 


N lBn 

nn 


N lBn 
np 


OPE 


2.315 


0.060 


1.127 


0.060 


OME 


2.299 


0.055 


1.122 


0.055 


(A^/iV^) x 100 


0.7 


9.1 


0.4 


9.1 


yAN 


_/V 1Bp 


iV p 1B P 


iV 1B P 

x " nn 


iV 1B P 

x " np 


OPE 


1.201 


1.174 


0.013 


1.174 


OME 


1.156 


1.141 


0.011 


1.141 


(A^/iV^) x 100 


3.9 


2.9 


18.2 


2.9 



TABLE V: The ratio r n /r p from Eqs. (|2.1 212.1 31) . The values for the -factors have been 

taken from Table IV and for N n /N p and N nn /N np , the data indicated in the text have been used. 



yAN 


(Tn/T p ) Eq 


(Tn/T p ) Eq Q^l 


OPE 


0.52 ±0.08 


0.56 ±0.14 


OME 


0.51 ±0.07 


0.54 ±0.14 


(A(r n /r p )/(r n /r p )) x 100 


~ 2 


- 3 



the energy threshold used to obtain the data. 



The Pauli-exchange terms. In [35], we have shown that Pauli exchange terms are important. 
In that work, a full antisymmetric calculation for the evaluation of T n and T p has been done. 
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As it is well known, the ring approximation is the direct part of the RPA. In [38(, it has 
been established that the RPA-exchange terms are also important. Even though the physical 
process studied in that work is different, the kinematical conditions are similar: in both cases 
the momentum carried by the nuclear interaction is of the order of 400 MeV/c. From this 
fact, we can conclude that there is a priori no reason to neglect the RPA-exchange terms. 
Nevertheless, the implementation of the RPA in the present problem is quite an involved task. 
The advantage of the ring series is that it can be summed up to infinite order. Once exchange 
terms are incorporated, the RPA-series can not be summed for a general finite range nuclear 
interaction and each term should be computed individually. Even for the lowest order RPA- 
contribution, there are three two-body operators: the nuclear strong interaction V NN , and 
the transition potential V AN (which appears twice). As for each operator there is a direct 
and an exchange matrix element, one has to evaluated eight terms. The RPA (or the lowest 
order contribution to it), is beyond the scope of the present work, though a fair comparison 
with data should certainly contain antisymmetrization. 

Two body-induced decays. The non-mesonic weak decay of the A is not only induced 
by the process AN — > NN but also by the two-nucleon induced decay, ANN — > NNN. If 
we call T 2 this decay width, then the total non-mesonic decay width should be corrected 
as, r^y/if = r n + T p + T2- This last mechanism is originated from ground state correlations 



i Q, 



and in |30j , we have shown that this decay is ~ 24 % of the total non-mesonic decay width. 
From these simple considerations it is clear that the two body-induced decay plays a relevant 
role in the evaluation of Nn and N^n, a point which has been already discussed in Q|. 
The modifications in our expressions to include this decay channel are simple. However, the 
problem here is the huge number of possible diagrams which should be considered. 

The model for the FSI. The FSI admits two different approaches: one is the semi- 
phenomenological INC calculation and the other one is a microscopic treatment like ours. 
It is not possible to establish a biunique relation between the processes in both models. 
We focus on the microscopic point of view, and within this approach the ring approxima- 
tion constitutes a very particular set of diagrams which contributes to the FSI. There are 
also FSI beyond the ring approximation which are important. For instance, this issue is 
addressed in 2^|, where the bosonic loop expansion formalism is employed. However, and 
as it is mentioned in that very same work, within this scheme it is difficult to disentangle 
two-nucleon from three-nucleon final states. Obviously, the same consideration stated at the 
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end of the last paragraph, with respect to the number of possible diagrams, is held here. In 
spite of these difficulties, we want to stress that the final goal of our formalism (given by 
Eqs. (|3.1|) - (|3.5j) ). is the evaluation of FSI more complex than the ring approximation or the 
RPA. 

The energy threshold. The A within the hypernucleus can decay either through the 
mesonic or through the non-mesonic decay. In both cases, at least one nucleon is produced. 
Obviously, the detectors can not distinguish between nucleons coming from the mesonic 
and the non-mesonic decay. Fortunately, the value for the energy of the nucleons from the 
mesonic decay is small. Due to experimental conditions, up to now particles with energy 
smaller than 30 MeV, can not be detected. This energy threshold is big enough to eliminate 
all particles coming from the mesonic decay. The numerical implementation of this threshold 
is not difficult: in the expressions for the decay widths, two step functions should be added 
to guarantee that the energy of the emitted particles is greater than the threshold. In any 
case, this threshold affects the neutron- and proton-spectra, more than the ratios N n /N p and 
N nn /N np . For this reason, together with the will of making our presentation less complex, 
we have omitted its inclusion. 

From all these points, we wanted to emphasize that there are several topics to overcome 
before we attempt a more realistic comparison with data. The same consideration holds if 
we compare our results with the ones from the INC calculation. Throughout the present 
contribution, the INC calculation has been taken as a reference guide. In spite of this, 
the INC calculation is essentially different from our approach: in the INC calculation once 
the A-decays, the trajectory of the emitted nucleons are followed in their way out of the 
nucleus. The free paths of these nucleons and their collisions cross sections, are considered. 
From the four points mentioned above, the effect of the second, third and fourth points are 
incorporated within the INC calculation. Due to it semi-classical character, the first point 
together with some interference terms can not be taken into account. At variance, because of 
the quantum-mechanical character of our scheme, the concept of trajectory is not applicable 
for us. In our case, by means of the LDA, we allow the decay to take place in any point 
of the hypernucleus. After the weak decay occurs, it follows the usual many-body problem; 
which requires the election of certain sets of diagrams together with the election of a nuclear 
residual interaction. Here and as a first step, we have implemented the ring approximation. 
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VI. CONCLUSIONS 



In this work we have addressed the problem of the non-mesonic weak decay of A- hyper- 
nuclei. As a result of the A-decay, nucleons are emitted from the nucleus and these nucleons 
can be measured. Moreover, nucleons from the non-mesonic weak decay can be disentangled 
from those originated in the mesonic decay. We represent with A^v and Afjvjv the number of 
nucleons of kind N and the number of pairs of nucleons of kind NN, respectively. We have 
developed for the first time a microscopic model for Nn and Nnn, using non-relativistic 
nuclear matter. The interference terms between the n- and p-induced weak decay widths 
are automatically taken into account in our scheme. Explicit expressions and numerical re- 
sults are given within the ring approximation together with the LDA. Due to the limitations 
inherent to the ring approximation, our numerical results should be seen as preliminary. 
Our values for the ratios N n /N p and N nn /N np underestimate the data. Our results do not 
contain an energy threshold, but a threshold should affect the N n and N p - spectrum, more 
than the mentioned ratios. Within the same model, our value for T n /T p is in the range 
0.2-0.3. 

It is our opinion that the so-called r n /T p -puzzle has been misinterpreted. In the literature, 
the theoretical predictions for T n /T p are smaller than 0.5. Old reported data for this ratio 
are closer to one. More experiments have been done and much theoretical effort has been 
employed in the hope that the experiments produce smaller values and/or theory predicts 
bigger ones. The missing piece of this puzzle is the link between theory and experiment. The 
INC calculation address this point, but it gives a different treatment to the weak decay and 
to the subsequent nuclear many-body problem. The INC calculation is not able to evaluate 
the interference terms between the n- and p-induced weak decay widths. In fact, these terms 
have never been evaluated before. Our results show that these terms can be neglected when 
SRC are present and within the ring approximation. 

Besides these considerations, one question remains. And it is if T n /T p is an observable 
or not. Certainly, it is not possible to perform a direct measurement of the number of 
particles emitted in the weak decay vertex: T n /T p is obtained indirectly. Now, if several 
models produce the same r„/r p -result using the same experimental information, then it 
would be fair to call this number, the experimental result for T n /T p . In the INC calculation, 
for instance, the first step is the theoretical evaluation of the AT^ ^-factors. Then, they 
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are used together with the data for N n /N p (or N nn /N np ), in Eq. ()2.12|) (or (|2.13|) ) to obtain 
the so-called experimental result for the ratio T n /T p (which is compared with the theoret- 
ical determinations of it). Anyway, in the present contribution we have tried to present 
an alternative point of view on this subject. We calculate N n /N p and N nn /N np which are 
straightaway compared with data. Therefore, T n and T p are ingredients within our model. 
Regarding the question about whether or not T n /T p is observable, is of secondary impor- 
tance: once the data for N n /N p and N nn /N np , together with the corresponding spectra, are 
well understood, the disagreement between the theoretical and the so-called experimental 
value for T n /T p would disappear automatically. 

Then, as mentioned, we have presented a unified model which evaluates T n /T p , N n /N p 
and N nn /N np . This model is summarized in Eqs. (|3.1j) - (j3.5|) . We have called attention on the 
fact that several improvements over the ring approximation should be implemented before 
we attempt a more realistic comparison with data. From these points, the inclusion of the 
Pauli exclusion principle should be the first step. We believe that, in spite of the difficulties 
inherent to the nuclear many-body problem, we have shown that our proposal is feasible. 
We also believe that the nuclear many-body problem after the weak decay take place, is as 
important as the weak decay itself. 
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APPENDIX 



In this Appendix we show some details about the derivation of the S *'^// ( - n ' p ' ) (g)-functions 
(Eqs. (|4.24J1 - (|4.25J1 ). The starting point is Eq. (J4.17j) . By performing the energy integration, 
using the factorization (|4.2U|) (which separates the isospin matrix elements), the expres- 
sions for the transition potential and the nuclear interaction given by Eqs. (|4.3|) and (j4.16|) . 
respectively and after some algebra, we have, 

r?%3' n (Kk Fn ,k Fp ) = -n^\ E Im J d Pi J dh i J dh i >9(q )9(\p 1 \ - k Fn ) 

V / all spin 

e(\h i + q \-k Ftpi )e{k F t hi -\h i \) 

X ■ 



X 



g - (E N (hi + q)- E N (ht)) + if} 
h v + q\- k Ftp .,)6{k F t h ., - \h v \] 



g - {E N (h v + q)- E N (hv)) + irj 
x(sA|(V^(g)) t |spiS^s /li /)(spiSpi/s^/|V^ v (g)|spiSp i s /l i) 



x(s P is P iS hi \V^ N (q)\s A ). (6.1) 



and 



T rr^r' P ( k ^F n ,k Fp ) = J Yl IlJl j d Pl J dh i J dfl i' 9 (?o)0(|Pl I ~ k Fp ) 

V / all spin 

e(\h l + q\-k Fn )6(k Fp -\h t \) 

X 



g - (E N (h t + q)- E N (hi)) + if} 
9(\hi> + q\ - k Fn )9{k Fp - \h if \) 



g - {E N (hi, +q)- E N (hv)) + if] 
x(s A |(V^(g)) t |spiSp i /s fti /)(spiSp i /s h i/|V^. 7V (g)|spiSp i s^) 



x(spiS pi s hi \V T , (q)\s A ). (6.2) 

where k = E A (k) + V\ and q = Pl — k. Now, the integrations over hi and h^ are replaced 
by the function II ^^/) thi(i>) (q) (Eq. (|4.11j) ). Summing up in spin, we have, 

f^,' n {k,k Fn ,k Fp ) = (G F ml)\^)-^-y 2 Im J d Pl 6(q )6(\ Pl \ - k Fn )Tl%tUq) 

Xn°V t hi/ (q){(S' T S' T , + Pc,rPc,r')V tp t h ,C;r N + (S T S T > + P L ,rP L ,r') 
xVt p t h ,L;r N + 2 (Sv,tS V ,t> + ^Pr^V^T^} (6-3) 



and 

f:^/ p (k,k Fn ,k Fp ) = (G F miy(^)-^-Im J d Pl 9{q )6{\ Pl \ - k Fp ) U° np (q) U° np (q) 
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X{(S' T S' T , + Pc,rPc,r'Wnp,C\T N + (S T S T i + Pl,tPl,t')Vhp, L;t n + 
+2 (S V , T S V y + P T ,rP T ,r')V np ,T;r N } (6.4) 

where the functions Vt p t h ,c{L,T)-,T N {<i) are defined in Eq. (|4.26|h The isospin is analyzed in 
detail in Section IV B. 

By comparison of Eqs. (jfj.Hj) and (|fj.4j) with Eqs. (|4.22jl and (|4.2Hjl . respectively, it is 
straightforward to obtain the expressions for S^ l T ^^ n<yV '\q) and U % ciTjyr'\ ( l)- 
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